In a previous discussion (1932, b) the method of obtaining a general equation for condenser discharge stimuli was given, but the possible dependence of the threshold on the applied voltage was neglected. There is so much use made of the condenser in stimulating that it appears desirable to consider the general equations more fully, since they may be given comparatively simple forms even when the threshold is made a linear function of the voltage.
Using the same notation as before (1932, b) , the differential equation of the local excitatory process p with respect to time is given by, --t dp
Kqoe cr --
where qo is the initial charge of the condenser, c its capacity, r the resistance of the circuit, and K and k are constants. The data on direct currents (1932, a, c) indicate that the upper limit of integration, i.e.
the ]imlnal threshold value of p, should be a function of the voltage of the form h :t: a V where V is the voltage at the time when the local excitatory process becomes adequate and h and a are constants. This condition may be introduced.
An integral of (1) is given by
Kqor {-' e-"} P = c r k~l e-g;--
but p must be a maximum when the response occurs if the stimulus is dp just adequate. Therefore from (1), since ~-= 0 for a maximum,
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Equating these values of p from (2) and (3),
crk --1 where t is the durde utile of the discharge. Putting the threshold p --h ~: a V in (2) , this equation becomes on substituting for t from (4) where V is the value of the applied potential at the time the local excitatory process has just become adequate. This potential, however, using the equation of the discharge of the condenser is given by
when t is again obtained from (4) . Equation (5) may therefore be written {K :E k ~z} (7) It may sometimes be legitimate to adopt the device of considering crk > > 1 when the greatest capacity is being used; i.e., in finding the condenser rheobase condition. In this case (7) may be written, Substituting the value of K ~ k c~ from (8) into (7) and dividing by h, (9) where V is the initial voltage q_o of the condenser in any particular case.
c Equation (9) should be quite general for condenser discharge stimuli, providing new phenomena, not previously encountered with direct current stimuli, do not exist; and providing also that sufficiently large resistance and capacity have been used to ensure the validity of the assumption that crk greatly exceeds unity.
It will be much better in general to determine the direct current rheobase and to use the relation (1932, a, page 717),
where R is the direct current rheobase and the other letters have the same meanings as before. It will probably be essential in determining this rheobase to maintain the same experimental conditions as are used with the condenser stimuli so that the constants will be applicable. Substituting again in (7) for K ± k ~ from (10),
which is the same as (9) except for the rheobase term, R.
This equation should relate the direct current rheobase with the capacity, voltage, and resistance of the condenser stimulator when it is yielding just adequate stimuli. It may be written,
or,
so that the left hand member is a linear function of the right and the line obtained by plotting these derivations from the data should, if the relation is exactly obeyed, have a slope numerically equal to 1/k and should intercept the axis of the bracketed member at the pointlog k. If the relation is not exactly obeyed on account of experimental variations, the divergence from linearity may be great at certain stages for smM1 variations and also the mean linear relation obtained by drawing a line most nearly through the points is not necessarily the best approximation. The method of equation (13), however, can be used fairly easily when the measurements are nearly exact. It is probably seldom safe to use two equations of type (12) and to subtract them to eliminate log k. This method was previously used (1932, b, Table I ) with dur~e utile data. In doing this it has to be assumed that the k of log k and the other k are exactly equal, otherwise log k is an arbitrary constant which has to be adjusted by trial until the two values of k are equal. This was not noticed when deriving the table referred to above, so that only those experimental durges utiles which were not used in calculating can be compared with the theoretical values.
It will be shown later that k can be found very easily when the proper data are available, but for the present it will be necessary to use the method of equation (13), which is very tedious.
A matter of the greatest theoretical importance is the determination of whether the factor k for the condenser discharge, i.e. k of equation (12), is the same as the factor k for direct current stimulation of the same tissue at the same time. The use of the direct current rheobase in equation (12) implies, of course, the equality of these constants, but it is desirable that it should also be shown directly. Lapicque (1907) obtained a set of data on the sciatic-gastrocnemius preparation of the frog suitable for testing this relation. These data will now be considered.
Part (a) of Table I gives the result of stimulating with direct currents. The two observed voltages marked with asterisks were used to determine the constants k and C of the direct current equation (1932, a),
where V is the least voltage required to excite when applied for time t, and R is the rheobase. These data conform to equation (14) quite well, as can be seen from the table of calculated voltages. Table I gives the data for stimulation of the same preparation by means of condenser discharges. The numbers Voba. are the least voltages required to excite when the capacities c of the condenser and the resistance r of the circuit, the latter being assumed to be constant, are such that their products give the numbers cr. R is the direct current rheobase taken from part (a) of the table.
Part (b) of
If now equation (14) correctly represents direct current stimulation and equation (12) condenser discharge stimulation, the quantity k = 2428, taken from part (a) of Table I , when substituted in the right the constants k and C hand member of equation (12) should give the left hand as obtained from the measured values of V and R; i.e., the observed values of V/R should equal the values obtained from solving the right hand of (12). The columns V/R~,. and V/Rca. respectively give this comparison. It will be seen that the agreement is not bad. Using equation (12) again and assuming the measured voltage, cr, and the k from part (a) of the table to be correct, the rheobase may be calculated giving the numbers R~,. It will be seen that these tend systematically to become too large for the greatest voltages but the mean is not far from the measured value. Considering that Lapicque expressed the fear that he had been unable to avoid appreciable selfinduction in the condenser circuit, and considering the possible variations of the excitability k and of the resistance of the circuit during the experiment, these agreements can be taken as indicating the validity of both equations (12) and (14).
Combining equations (4) and (12) it will be seen that the duroc utile is given by, V = 2.303 c r loglo V t = c r log (t5)
In the table are given the observed values and the vaIues obtained using V/R~,z.. The calculated dur&s utiles depend therefore on the measurement cr and the direct current k. The agreements are not very good, but as was previously indicated (1932, b, Fig. 1 ) the dur& utile is subject to large errors in measurement because the curve of the response process p is relatively flat near its maximum. In making these determinations the measured minimal stimulus will be, in general somewhat more than adequate, so that the local excitatory process will usually attain its threshold value somewhat sooner than it tends to reach its maximum. For this reason the measured dur& utile will probably be smaller in most cases than the theoretical value. In the present case, Table I , the measured values are usually larger than the theoretical but this may be due to other causes.
The direct current rheobase has seldom been determined in conjunction with complete condenser discharge curves. Two cases on nervemuscle preparations of Helix have been given by L. and M. Lapicque (Lapicque, 1926) . Part of these same data concerning the dur&s utiles was previously considered (1932, b) but the method was faulty as was previously remarked. These data are given in Table II . In these cases k had to be determined from the data themselves. The method used was that suggested by equation (13); i.e., cr log V / R was plotted against log V / R + log cr. The result in the case of the first set is given in Fig. 1 . If the data conform to equation (13) it should be possible to draw very nearly through these points a line whose slope equals the logarithm of its intercept on the horizontal axis. The straight line drawn in the figure has a slope 1/k = 1/34.25 and its intercept = -1.5347 = log 1/34.25. It will be seen that the points conform to this line fairly well. In general the upper points on such a graph, particularly when V is close to R, are very sensitive to changes of V or R so that they may frequently diverge greatly from the linear relation. If this divergence is assumed to be due to an error in the rheobase a means is provided for estimating the proper value of the rheobase, for, since the lower points are not much changed by small changes of the rheobase the line determined by them is approximately correct and the proper rheobase can be assumed to be that one which brings the upper points close to this line. This method is particularly useful when the rheobase has not been measured at all.
For the first experiment in Table II , log V/R obs. is derived from the measured values of V and R. The quantity log V/R cal. is equal to 1/(1-crk) log 1/crk calculated from cr and k. The numbers R cal. In the second experiment of Table II In Table III are given sets of data by various workers which can probably be taken as representative. In none of these cases was a rheobase measured so that a value had to be determined. This is equivalent to assuming two arbitrary constants in equations (11) or (12) except that the one, R, must have a likely value; i.e., it must in general be just somewhat less than the least value of V. The rheobase R cal. was usually obtained by assuming a probable value and testing on a plot like Fig. 1 . If the ordinates of the points for voltages near the rheobase are too low for a linear relation they indicate that the chosen rheobase is too large and vice versa. The remaining calculations were then made in the same way as those for Table 11 .
In all these cases it will be seen that the agreement between the observed and calculated voltages is fairly close, except for the greatest voltage of Cybulski and Zanietowski. This case, in which the voltage is about one hundred times the rheobase, may indicate that equation (12) is not valid for very high voltages but it cannot be given much significance since the other data do not show the same tendency and since a small change of capacity involves a large change in voltage at this part of the V-cr curve. In general with these data such divergences as exist are not systematic. The agreement of the data and the theory is not as good as with direct current data in general, but neither are the experimental factors so easily controlled. In particular the condenser may cause trouble either on account of the nature of the dielectric or on account of leakage. Also the data include the three measurements V, c, and r each of which may be somewhat in error, and finally the resistance used may not be sufficiently non-inductive. This latter circumstance would affect equation (12) not only through a distortion of the curve of the growth of the local excitatory process but also because the theoretical equation of the discharge of the condenser will no longer give the voltage existing at the time of the response. Inductance with direct current stimuli on the other hand will not affect the latter factor.
The Determination of k
Putting equations (11) or (12) in the form, Units--volts, ohms, farads.
of V obs. to be the rheobase. When V obs. = 20, cr = 0.00168. Therefore k = 2/0.00168 = 1190. It will be seen that the use of this value of k gives V cal. very close to the measured values, the largest divergence being less than 4 per cent. In general, however, it will be necessary to use the direct current rheobase, but the determination of k in this way is still comparatively easy.
General Considerations
The data discussed here, although not sufficiently general to be entirely conclusive, particularly in regard to the relation of the direct current equation to the condenser equation, indicate strongly the validity of the hypotheses used in the derivation of equation (12) or (16). The data on duties utiles do not agree very well with the theo-retical values, but since the theoretical value of the dur~e utile is implied in equation (12) which fits the data sufficiently well, it seems likely that the disagreement is due to the difficulty of measurement rather than to an erroneous conception.
In regard to the measurement of excitability by means of condenser discharges it will be seen that apart from considerations previously discussed (1932, c) involving the possible dependence of the apparent excitability on the method of measuring it, either chronaxie or k will give a comparable scale. For since chronaxie is taken directly proportional to cr when V --2R, and since k is inversely proportional to this same cr, the scale of excitabilities determined by chronaxie will be the inverse of the scale determined by k. In the condenser case therefore the only advantage in the use of k rather than chronaxie is that k is a direct measure while chronaxie is inverse. Since, however, with direct currents (1932, a, c) k and chronaxie are not simply related except in particular cases the use of k is preferable throughout.
Previous discussions in conjunction with the present one indicate that a satisfactory symbolic basis has been provided for at least the principal phenomena of electrical excitation. The simplicity of the hypotheses gives promise that the elucidation of the actual mechanism in physicochemical terms may not be eventually very difficult, and for the present the simplicity of the analysis will allow the correlation of most of the experimental data which may be obtained.
SUMMARY
Equations are derived for the capacity-voltage relations for stimulation of tissue by condenser discharges, using the hypothesis that the local excitatory process p grows under the influence of an applied potential V according to the equation, dp --= KV -kp dt where K and k are constants. It is further assumed that the local excitatory process becomes adequate when it attains a value h 4-~ V where h and ~ are constants and V is the applied potential at the particular instant that the adequate value is attained. The equations so obtained are applied to the data of several authors on several
